Introduction
Coughing and sniffing are innate respiratory behaviors that do not require conscious intervention. Coughing is an airway defensive act to clear mucus and foreign particles from the tracheobrochial tree and lungs by generating large expiratory airflows (Karlsson et al., 1988) . Sniffing is a rapid inspiratory behavior aiding olfaction (Mainland and Sobel, 2006) . Neurophysiological studies in animals and humans have shown that neural mechanisms of both reflex cough and sniff are regulated by the inspiratory and expiratory networks of the brainstem, pons, and cerebellum (Mainland and Sobel, 2006; Shannon et al., 1998; Xu et al., 1997) . Unique to humans, cough and sniff can be activated or suppressed on demand independent of natural sensory stimulation. Performance of these voluntary behaviors is thought to depend upon supramedullary regions for conscious control of respiratory acts. However, the central neural mechanisms involved in voluntary control of cough and sniff remain poorly defined (Mainland and Sobel, 2006; .
Voluntary control of human cough has been observed in experiments of cough initiation and suppression on demand during capsaicin inhalation (Hutchings et al., 1993b) and upper respiratory tract infection (Hutchings et al., 1993a) . Down-regulation of cortical cough control has been demonstrated during rapid eye movement sleep and anesthesia with re-occurrence only after arousal from sleep (Jamal et al., 1983; Nishino et al., 1988) . It was suggested that the cerebral cortex modulates the sensitivity of reflex cough centers in the brainstem (Lee et al., 2002) by generation of central neuromodulators, such as endogenous opioids (Lee et al., 2005) . Voluntary cough can be impaired in patients with stroke in the frontoparietal region and basal ganglia (Addington et al., 1999; Stephens et al., 2003) , Parkinson's disease (Fontana et al., 1998) , multiple system atrophy (Nishino et al., 2004) , and motor neuron disease (Hadjikoutis et al., 2000) . In some patients, voluntary cough can be diminished independently from reflex cough suggesting the presence of separate higher control centers for voluntary coughing. For example, following stroke some patients exhibit a loss of voluntary cough with preserved reflex coughing (Addington et al., 1999; Stephens et al., 2003) , whereas in Parkinson's disease both voluntary and reflex cough thresholds can be depressed in early manifestation of the disease (Fontana et al., 1998) . Voluntary cough dysfunction independent from reflex cough in neurological disorders is presumably due to disruption of facilitation between the putative cortical and brainstem cough centers (Widdicombe and Singh, 2006) . Voluntary control of sniff was investigated as part of olfaction (Sobel et al., 1998a) ; however, its sensorimotor aspects have received little attention (Mainland and Sobel, 2006) . During sniffing for smelling, the brainstem inspiratory neurons interact with the piriform cortex via the hippocampus (Vanderwolf, 2001) and cerebellum (Sobel et al., 1998b) . The hippocampus exhibits its olfactomotor control through separate but linked pathways of olfactory and sniffing regulation (Vanderwolf, 2001) , whereas the cerebellum optimizes the act of sniffing for olfactory processing (Mainland and Sobel, 2006) . Decreased ability to sniff voluntarily has been reported to influence the sense of smell in patients with unilateral cerebellar lesions and neurodegenerative diseases (Abele et al., 2003; Connelly et al., 2003; Mainland et al., 2005; Sobel et al., 2001) . However, the sniff-like reflex may be preserved in severe hypoxic coma (Tomori et al., 1991) , possibly due to functional disruption between the cortical and brainstem pathways (Mainland and Sobel, 2006) .
To understand the supramedullary control of these voluntary respiratory behaviors that have a common brainstem control, we investigated cerebral activation during voluntary coughing, sniffing, and breathing using functional magnetic resonance imaging (fMRI). We hypothesized that production of voluntary cough and sniff will elicit activation in the peri-Sylvian region similar to voluntary breathing control (Ramsay et al., 1993) . We expected that voluntary cough and sniff, as complex respiratory behaviors, would recruit larger areas of activation within the same brain regions. We also hypothesized that task-specific activation in distinct cortical and subcortical regions would differentiate between these voluntary respiratory tasks.
Materials and methods

Subjects
Fifteen healthy volunteers, eight females and seven males (age 33.3 ± 12.3 years, mean ± standard deviation), participated in the study. All subjects were right-handed on the Edinburgh Handedness Inventory (Oldfield, 1971 ) and monolingual native English speakers. Physical examinations in all participants were normal and none had any history of neurological, psychiatric, or respiratory problems. Video fiberoptic nasolaryngoscopy confirmed normal anatomy of the upper airways and larynx and normal task production in all participants. All subjects provided written informed consent before participation in the study, which was approved by the Institutional Review Board of the National Institute of Neurological Disorders and Stroke, NIH.
Tasks
The experimental tasks involved voluntary breathing, coughing, sniffing, and passive breathing as a baseline condition. Prior to the scanning, participants were trained in task production outside of the magnet. Subjects were instructed to listen attentively to the auditory example of the task (e.g., sound of a person coughing, sniffing or breathing voluntarily) and to reproduce it at a comfortable level without maximal but relatively constant respiratory effort. Auditory stimuli were recorded from a female native English speaker for the purpose of the study. For voluntary cough, subjects were instructed to produced two pairs of coughs through the mouth as a brief inspiration followed by forced expiration for each pair with their glottis closed at the beginning of expiration similar to a spontaneous cough . For voluntary sniff, participants produced two pairs of sniffs as forced inspirations through the nose with their mouth closed. For voluntary breathing, participants produced a prolonged inspiration followed by prolonged expiration through the mouth. A resting condition of passive breathing without any auditory sample presentation served as control.
Experimental design
The major limitation in the studies involving orofacial behaviors is the susceptibility to motion-induced artifacts, which may lead to false signal changes and spatial misalignment because of movement-induced field changes and possible head drift along the scanning session (Birn et al., 1999) . To reduce these artifacts and to neutralize the scanner noise interference with acoustic stimulus presentation, an event-related clustered volume acquisition fMRI design was used as follows. During the experiment, the subjects were first asked to fixate their attention on the black cross while listening to the auditory samples introduced through the MRcompatible headphones (Silent Scan™ Audio Systems, Avotec Inc., Stuart, FL) for 3.6-s period. A visual cue (green arrow) then instructed the subjects to reproduce the task within the 5-s interval, which was followed by a 2-s period of image acquisition when the subjects again fixated their attention on the black cross ( Fig. 1 ). Auditory stimulus delivery and motor task production by subjects occurred during the silent period only (8.6 s); therefore, it did not interfere with image acquisition and minimized task-induced signal artifacts. Six scanning sessions were acquired; each session consisted of 36 trials of experimental tasks and 24 resting conditions. All tasks were pseudo-randomized between sessions and subjects. The sounds of subjects' task productions while in the scanner were recorded using an MR-compatible microphone attached to the headphones (Silent Scan™ Audio Systems, Avotec Inc., Stuart, FL). Subjects' respiratory performance was recorded using an MRI-compatible pneumatic belt positioned at the level of the abdomen to monitor the accuracy of task performance. Changes in air pressure within the belt were observed during respiratory movements; however, because of the difficulty in maintaining a constant position of the belt during scanning session, these signals were not accurate for measuring respiratory volume or flow during the task production.
Data acquisition
All images were acquired on a 3.0-T whole-body scanner equipped with a quadrature birdcage radio frequency head coil (Signa, General Electric Medical Systems, Milwaukee, WI). To restrain head movements, the subject's head was comfortably immobilized using a forehead strap and a vacuum pillow filled with polystyrene balls. Functional images were acquired with a gradient-weighted echo planar imaging (EPI) pulse sequence (TE = 30 ms; TR = 2 s per volume, 10.6 s between volumes; FA = 90°; FOV = 240 mm; matrix 64 × 64 mm; in-plane resolution 3.75 mm) using blood oxygenation level-dependent (BOLD) contrast. The whole brain coverage was achieved with 35 sagittal slices with a slice thickness of 4 mm without gap during each imaging run. High-order shimming prior to the EPI acquisition optimized the homogeneity of the magnetic field across the brain and minimized EPI distortions. A high-resolution T1-weighted anatomical image was collected using 3D inversion recovery prepared spoiled gradient-recalled sequence (3D IR-Prep SPGR; TI = 450 ms; TE = 3.0 ms; FA = 12°; bandwidth = 31.25 mm; FOV = 240 mm; matrix 256 × 256 mm; 128 contiguous axial slices; slice thickness 1.0 mm; slice spacing 1.0 mm).
Data analysis
Functional imaging data were analyzed using the AFNI software package (http://afni.nimh.nih.gov) (Cox, 1996) . For each subject, the first two volumes in each series, collected before equilibrium magnetization was reached, were discarded. The EPI volumes were registered to the volume collected closest in time to the high-resolution anatomical scan using heptic polynomial interpolation, spatially smoothed with a 4-mm Gaussian filter, and then scaled by the mean signal change at each voxel. The taskrelated responses were analyzed using multiple linear regression with a single regressor for each task convolved with a canonical hemodynamic response function. Baseline drifts were modeled using quadratic polynomials in time for each separate imaging run, and motion parameter estimates were used as additional regressors of no interest in the multiple regression analysis. The correction for multiple comparisons was made using Monte-Carlo simulations (Forman et al., 1995) that resulted in a voxelwise threshold of 0.001 and a minimum cluster size of eight contiguous voxels at a corrected p value of 0.034. For group analysis, the 3-D anatomical data sets of each subject were spatially normalized and converted to the standard anatomical space of Talairach and Tournoux (Talairach and Tournoux, 1988) . The resulting normalization parameters were applied to the 4-D time series data sets, which were transformed into standard stereotaxic space. To estimate the main effect of voluntary cough, sniff and breathing, the group analysis was carried out using a two-way within-subject mixed effects design analysis of variance (ANOVA) with subject as the random factor and the task as the fixed factor (p ≤ 0.05, corrected). Conjunction analyses were performed to determine regions of overlapping and distinct activation during voluntary cough/voluntary breathing, voluntary sniff/voluntary breathing, and voluntary cough/voluntary sniff, respectively (voxel probability threshold p = 0.001; minimum cluster size of 8 voxels, 450 mm 3 , volume of 1 EPI voxel at original resolution is 56.25 mm 3 ).
For region-of-interest (ROI) analyses, anatomical parcellations to define the primary motor cortex (areas 4a and 4p) (Geyer et al., 1996) , primary sensory cortex (areas 3a, 3b, 1, and 2) (Geyer et al., 1999 (Geyer et al., , 2000 Grefkes et al., 2001) , premotor cortex (area 6) (Geyer, 2003) , secondary somatosensory cortex (OP 1-4) (Eickhoff et al., 2006a,b) , ventral thalamus, and striatum were based on the maximum probability maps (MPM) and macrolabels maps (Eickhoff et al., 2005) . For each subject, voxels with positive values were identified using a threshold of p = 0.001 and a minimum cluster size of eight contiguous voxels that were at least 3.8 mm apart within an ROI. The total volume of active voxels and mean percent BOLD signal change were extracted per ROI in each subject. Prior to ROI analysis, relationships between the mean percent activation volume and mean percent BOLD signal change during voluntary coughing, sniffing, and breathing were examined using Pearson's correlation coefficients. Because these two measures were highly correlated during breathing (r = 0.961, p = 0.0005), coughing (r = 0.926, p =0.005), and sniffing (r = 0.976, p = 0.0005), the ANOVA estimated the influence of task using mean percent activation volume only. The three-factor ANOVA examined task (cough vs. breathing, sniff vs. breathing, cough vs. sniff), ROI (primary motor, premotor, primary sensory, secondary sensory, subcortical regions), and hemispheric laterality (right vs. left) effects between voluntary cough/voluntary breathing, voluntary sniff/voluntary breathing, and voluntary cough/voluntary sniff, respectively (p ≤ 0.05). If the main effect for task was significant, individual ROIs were evaluated for the task effect and task interactions with hemispheric laterality (p ≤ 0.025). Fig. 1 . Schematic illustration of the experimental design in a single subject. The subject fixated on the black cross and listened to the acoustically presented sample task for a 3.6-s period. Samples were pseudorandomized and presented as pairs of voluntary coughing and sniffing and a single voluntary breathing. No stimulus was presented for passive breathing (control condition), during which the subject maintained normally paced breathing. A green arrow cued the subject to initiate the task production within a 5-s period, which was followed by a 2-s period of image acquisition. Respiratory movements during production of all tasks were recorded in arbitrary units to monitor the correct task performance.
Results
Behavioral measurements
Respiratory movement signals, recorded during each scanning session, demonstrated that all subjects performed the tasks correctly in response to the audio-visual cues. The passive breathing pace was relatively consistent during the rest condition within a subject.
Common activation across voluntary cough, sniff, and breathing
Voluntary cough, sniff, and breathing elicited overlapping activation in both hemispheres when contrasted with passive breathing. A large cluster of bilateral activation included the precentral (areas 4a, 4p, and 6) and postcentral (areas 3a, 3b, 2, and 1) gyri extending to the inferior frontal gyrus (area 44) rostrally, to the operculum (OP 1-4) and insula ventrally, and to the superior temporal and supramarginal gyri caudally. On the medial surface, bilateral cortical activation occurred in the supplementary motor area (SMA-proper) extending to the anterior and middle cingulate cortex. Subcortical activation was found in the ventral and dorsomedial thalamus, caudate nucleus, putamen, and lateral globus pallidus. Cerebellar activation involved the declive and culmen in both hemispheres and the right fastigial nucleus (Fig. 2 ; see also Supplementary Table 1 ).
Comparison between voluntary cough and voluntary breathing
In addition to the regions of common activation described above, conjoint activation during cough and voluntary breathing occurred in the substantia nigra and the dentate nucleus of the cerebellum bilaterally. Voluntary cough only elicited significant activation in the left precuneus and the lingual and inferior temporal gyri bilaterally. Subcortically, coughing activated the amygdala, lateral thalamus, and subthalamic nucleus bilaterally, extending caudally into the pontomesencephalic region. Cerebellar activation was spread over both hemispheres across the vermis (Fig. 3) .
Voluntary cough production resulted in markedly greater volume of overall brain activation (total volume of 14,060 mm 3 ) compared with voluntary breathing (6,587 mm 3 ). The region-ofinterest (ROI) analysis of mean percent activation volume identified a significant task effect (F 1,14 = 9.167, p = 0.009) with significant task by ROI (F 12,168 = 6.544, p = 0.0005) and task by ROI by hemispheric laterality (F 12,168 = 4.087, p = 0.0005) interactions. A significant percent activation volume increase during voluntary coughing compared with voluntary breathing occurred within the primary motor cortex (area 4a: F 1,14 = 6.391, p = 0.024; area 4p: F 1,14 = 11.158, p = 0.005), primary somatosensory cortex (area 3b: F 1,14 = 9.367, p = 0.008), and in the parieto-opercular cortex (OP 2: F 1,14 = 5.611, p = 0.013) ( Fig. 5a ).
Comparison between voluntary sniff and voluntary breathing
In addition to the regions of common activation observed during all voluntary respiratory tasks, conjoint activation during voluntary sniff and voluntary breathing occurred in the medial globus pallidus and dentate nucleus of the cerebellum. Cortical activation during voluntary sniffing, but not during voluntary breathing, was found in the posterior cingulate cortex, lingual gyrus, piriform cortex, the parahippocampal gyrus, and hippocampus proper with its subdivi- sions Cornu ammonis, dentate gyrus, subiculum, hippocampalamygdaloid transitional area (HATA) bilaterally, the right precuneus, and the left fusiform gyrus. Subcortical activation was identified bilaterally in the lateral thalamus, subthalamic nucleus, amygdala, and the pons (Fig. 4) .
Similar to voluntary cough, voluntary sniff production recruited greater overall volume of activation (total volume of 14,326 mm 3 ) than voluntary breathing (6,587 mm 3 ). The ROI analysis of mean percent activation volume between voluntary sniff and breathing showed a significant task effect (F 1,14 = 16.892, p = 0.001) and significant task by ROI (F 12,168 = 6.398, p = 0.0005) and task by ROI by hemispheric laterality (F 12,168 = 3.377, p = 0.001) interactions. During sniffing, percent activation volume was significantly greater in the premotor cortex (area 6: F 1,14 = 7.478, p = 0.016), operculum (OP 2: F 1,14 = 6.829, p = 0.020), ventrolateral thalamus (F 1,14 = 9.623, p = 0.008), and the putamen (F 1,14 = 11.295, p = 0.005) (Fig. 5b) .
Comparison between cough and sniff
The only region exclusively active during voluntary coughing, but not during voluntary sniffing or breathing, was the region at the pontomesencephalic junction, extending to the brainstem. Activation during sniffing only was elicited in the piriform cortex and the hippocampus proper bilaterally (Fig. 6 ). Both voluntary cough and sniff resulted in equal overall volumes of activation (14,060 mm 3 and 14,326 mm 3 , respectively). Similarly, the ROI analysis showed no significant task effects in the sensorimotor activation volume between cough and sniff productions.
Discussion
Voluntary coughing and sniffing involve similar sensorimotor regions as voluntary breathing
Our results indicate that neural control underlying different voluntary respiratory behaviors integrates brain regions, extending from the neocortex to the brainstem. The common components involve the ventrolateral pericentral cortex for complex upper airway and orofacial movements, the dorsolateral cortex for respiratory movements, the SMA and cingulate cortex for higher order motor preparation and processing, the insula/operculum for integration of sensory input with motor modalities, and the subcortical structures for processing and transfer of sensorimotor Fig. 3 . Group common and distinct activation during voluntary coughing and voluntary breathing. Mean cortical activation is superimposed onto the inflated cortical surfaces; activation in the subcortical regions is presented in the series of brain images in axial view of the single subject template in the Talairach-Tournoux standard space (cluster size ≥ 8 contiguous voxels; voxel threshold p = 0.001). The sagittal image shows the location of the axial cut-planes. Plane coordinates are displayed, respectively. SMA-supplementary motor area; CC-cingulate cortex; STG-superior temporal gyrus; ITG-inferior temporal gyrus; PMR-pontomesencephalic region; AM-amygdala; SN-substantia nigra; VPM-ventral posteromedial nucleus; VL-ventrolateral nucleus; MDmediodorsal nucleus; OP-operculum; LP-lateral posterior thalamus; L-left hemisphere; R-right hemisphere. Fig. 4 . Group conjoint and distinct activation during voluntary sniffing and voluntary breathing. Mean cortical activation is presented on the inflated cortical surfaces; subcortical activation is shown in the series of axial brain images of the single subject template in the Talairach-Tournoux standard space (cluster size ≥8 contiguous voxels at p = 0.001). The sagittal image shows the location of the axial cut-planes. Plane coordinates are displayed, respectively. SMAsupplementary motor area; PCC-posterior cingulate cortex; STG-superior temporal gyrus; PHG-parahippocampal gyrus; AM-amygdala; HATAhippocampal-amygdaloid transitional area; PC-piriform cortex; MGp-medial globus pallidus; Put-putamen; OP-operculum; VL-ventrolateral nucleus; MD-medial dorsal nucleus; LP-lateral posterior thalamus; L-left hemisphere; R-right hemisphere. Fig. 5 . Region-of-interest analyses comparing voluntary coughing with voluntary breathing and voluntary sniffing with voluntary breathing. (a) Coughing compared with voluntary breathing elicited significant increases in mean percent activation volume in the primary motor cortex (p ≤ 0.024), primary somatosensory cortex (p = 0.008), and parietal operculum (p = 0.013). (b) Sniffing compared with voluntary breathing produced significant increases in mean percent activation volume in the premotor cortex (p = 0.016), parietal operculum (p = 0.020), ventrolateral thalamus (p = 0.008), and the putamen (p = 0.005). Error bars report the standard error. OP-operculum; VL-ventrolateral nucleus; Put-putamen; L-left hemisphere; R-right hemisphere; n = 15 subjects for all ROI mean values.
information to the higher cortical regions. Voluntary coughing and sniffing elicit substantially larger volumes of activation within the same sensorimotor regions compared with voluntary breathing. Because in our experimental setting cough and sniff were produced voluntarily without specific sensory triggers (e.g., irritation of the airways or smell presentation), increased activation response in brain motor regions during these tasks likely resulted from increased motor control demands to coordinate and modulate breathing that further recruited sensory brain regions for task perception. Although no specific sensory stimuli were presented during this study, taskspecific changes in the respiratory tract (e.g., asymmetry in airflow through the nasal passages, lung volume and glottal changes) may have played an important role in modulation of different sensory input during voluntary coughing, sniffing, and breathing. Consequently, these differences in the afferent input may have resulted in task-specific differences in somatosensory activation during experimental task production. In addition, somewhat different volumes of air through the nostrils during sniffing may have introduced asymmetries in brain activation in our subjects when both nostrils were exposed to air in the scanning room. A limitation of this study is that its design did not allow us to distinguish between motor activity during a respiratory behavior and sensory feedback (e.g., olfactory, proprioceptive) as a consequence of a behavior. Future neuroimaging studies, therefore, should address the effects of sensory feedback and motor performance on brain activation separately during complex respiratory tasks.
The largest region of activation during voluntary coughing, sniffing, and breathing involved the ventrolateral sensorimotor cortex of the orofacial representation (Penfield and Rasmussen, 1950) , extending to the insula and frontoparietal operculum, for processing functionally linked voluntary respiratory and orofacial behaviors. These brain regions are regularly active during production of isolated orofacial tasks without respiratory movements, such as chewing, lip pursing, tongue movements (Lotze et al., 2000; Onozuka et al., 2002) , as well as during orofacial movements with involvement of voluntary respiratory control, such as speaking, singing, and swallowing (Martin et al., 2004; Perry et al., 1999; Soros et al., 2006) . A smaller region of activation during all voluntary respiratory tasks in this study was located in the dorsolateral sensorimotor cortex, where the respiratory muscles for breathing control are represented (Penfield and Rasmussen, 1950; Ramsay et al., 1993) . Dissociation between these two foci of activation for voluntary respiratory/orofacial control within the sensorimotor cortex may be critical to the development of cough and sniff dysfunction in neurological disorders.
Voluntary coughing and sniffing involve distinct brain regions
While voluntary coughing and sniffing initiated convergent activity in the sensorimotor cortical regions, they also recruited distinct activity in the specialized subcortical structures. During voluntary coughing, a large extent of activation was observed at the midbrain-pons transition, including the parabrachial region. Similar activation was reported during voluntary suppression of breathing (McKay et al., 2003) . Single-unit recording studies in the cat and monkey have shown that vocalization-correlated neurons in the parabrachial region increase their activity during expiratory or the late inspiratory phase (Farley et al., 1992; Kirzinger and Jurgens, 1991) . During voluntary cough, the region at the pontomesencephalic junction is likely gating the facilitatory pathway between the cortical and brainstem cough centers. Together, these data may suggest involvement of this region in fine-tuning of respiratory behavior for voluntary modulation of the expiratory component for cough production.
During sniffing, the differential cortical activation involving the olfactory percept representation is consistent with the previous imaging studies (Sobel et al., 1998a; Zald and Pardo, 2000) . Although no odor was introduced in this study, activation in the piriform cortex during sniffing may have recruited sensory and attentional mechanisms as automatic preparedness in odor exploration. Enhanced activation in the hippocampal region suggests its particular role in maintenance of forced inspiratory Fig. 6 . Group mean conjoint and distinct activation during voluntary sniffing and voluntary coughing. Activation is presented on the inflated cortical surfaces and the sagittal and axial brain images of the single subject template in the Talairach-Tournoux standard space. Plane coordinates are displayed, respectively (p ≤ 0.05, corrected). R-right hemisphere; L-left hemisphere; SMA-supplementary motor area; CC-cingulate cortex; PMR-pontomesencephalic region; SN-substantia nigra; AM-amygdala. efforts during sniffing. Previously, the dentate gyrus was shown to generate rhythmic slow activity synchronized with the respiratory rhythm of sniffing, but unrelated to accompanying hippocampal olfactory beta and gamma waves (Macrides, 1975; Vanderwolf, 2001) . Because of its strong olfactory and cerebellar projections (Johnson et al., 2003; Mainland and Sobel, 2006) , the hippocampal region may indeed represent a link between the olfactomotor and sensorimotor regulation pathways during sniff production.
Functional significance
Cough is the most common symptom of respiratory disease, which may persist for weeks or even months. On the other hand, cough failure in neurological patients may be a life-threatening condition leading to aspiration pneumonia. Centrally acting cough suppressants or cough-inducing agents are thought to reorganize and modify the responsiveness of various components of the central cough pathway (Bolser, 1996) . However, little is known about the mechanisms of action of the most of these drugs. Understanding the functional organization of the central cough system in humans may allow targeting specific brain regions with pharmacological agents to modulate cough response in patients.
At present, sniffing for olfactory percept is thought to be controlled subcortically based on the observations of latency for olfactory cortical evoked potentials (Johnson et al., 2003) . Our study demonstrates that sniff production involves cortical and subcortical control of both respiratory and olfactory subcomponents. A new view on functional localization of central sniff control within the respiratory and olfactory percept systems may shed light on the mechanisms of sniff and smell deficits in patients with stroke and neurodegenerative diseases (Abele et al., 2003; Connelly et al., 2003; Mainland et al., 2005; Sobel et al., 2001) . If impaired olfaction results from sniff dysfunction, an inability to perform sniffing is likely associated with either suppression of the cortical sensorimotor sniff pathway or disintegration of the olfactomotor and sensorimotor sniff control systems.
